Plasmonic thin film solar cells (modified with metallic nanostructures) often display enhanced light absorption due to surface plasmon resonance (SPR). However, the plasmonic field localization may not be significantly beneficial to improved photocurrent conversion efficiency for all types of cell configurations. For instance, the integration of random metallic nanoparticles (NPs) into thin film solar cells often introduces additional texturing. This texturing might also contribute to enhanced photon-current efficiency. An experimental systematic investigation to decouple both the plasmonic and the texturing contributions is hard to realize for cells modified with randomly deposited metallic nanoparticles. This work presents an experimental and computational investigation of well-defined plasmonic (Ag) nanoparticles, fabricated by nanosphere lithography, integrated to the back contact of hydrogenated amorphous silicon (a-Si:H) solar cells. The size, shape, periodicity and the vertical position of the Ag nanoparticles were well-controlled. The experimental results suggested that a-Si:H solar cells modified with a periodic arrangement of Ag NPs (700 nm periodicity) fabricated just at the top of the metal contact in the back reflector yields the highest improvement in terms of current density (J SC ). Finite-difference time-domain (FDTD) simulations also indicated that Ag nanoparticles located at the top of the metal contact in the back reflector is expected to lead to the most efficient light confinement inside the a-Si:H absorber intrinsic layer (i-layer). © 2017 Author (s Designs for low-cost and large area nanostructured solar cells that present enhanced photoconversion have been widely demonstrated. 1, 2 In most cases, the introduction of nanostructures improves light trapping, which is crucial to enhance power conversion efficiency (PCE) in thin film solar cells. [3] [4] [5] [6] [7] Plasmonic nanostructures (metallic nanostructures that support surface plasmon excitations) exhibit one of the largest extinction cross sections. This effect has been shown to improve light trapping in several thin film solar cells architectures. [7] [8] [9] [10] For instance, metallic nanoparticles (NPs) embedded in thin film solar cells act as antennas that capture the incident light and store its energy in localized surface plasmon resonance (LSPR) modes. This energy can either be transferred to the semiconductor layer by near-field coupling or scattered by the NPs towards the active material. 4, 5, [9] [10] [11] [12] Previous works have demonstrated photocurrent enhancement for metallic NPs embedded in several types of thin-film cells, including organic solar cells, 13, 14 CdTe-based solar cells 15 and silicon solar cells. 16, 17 Improved external quantum efficiency (EQE) in hydrogenated amorphous silicon (a-Si:H) thin film solar cells have been demonstrated by introducing random silver (Ag) NPs in the solar design. 3, 16, 18 observed, it was not possible to definitely assign the observed enhanced photocurrent to a plasmonic effect. This is because the observed photocurrent improvement could to a significant extent stem from other factors, such as increased surface roughness. Surface roughness (or texturing) is known to affect both the magnitude and the maximum absorption wavelength of a photovoltaic device. 5, 11 A way to possibly de-convolute plasmonic effects from texturing contributions is to integrate well-organized metallic nanostructures in solar cells, since they should present much more defined optical characteristics. Several groups have conducted experimental measurements and computational calculations with organized nanostructures integrated in thin film solar cells. The focus of those works was on the relationship between the enhanced photocurrent and the spectral response of the organized arrangement of nanostructures. 4, 17, 19 Although those previous investigations contributed significantly to our understanding of how both optical and electrical properties need to be optimized to improve PCE in a thin film a-Si:H device, a systematic investigation of the different light trapping contributions is still lacking. On the other hand, insights into the relative influence of the various light trapping contributions can be inferred from a systematic investigation of the solar cell design. By varying the geometric characteristics, such as size, position and periodicity, of a thin film solar cell back reflector (BR) modified with organized metallic (plasmonic) nanostructures, a more complete picture of the different contributions can be obtained.
In this work, a-Si:H thin film solar cells modified with well-organized arrangements of metallic NPs fabricated by nanosphere lithography (NSL) were investigated. Both experimental results and finite-difference time-domain (FDTD) simulations suggested that the geometry of the cell structure and the position of the nanoparticles within the BR have a higher influence on light trapping properties than the near-field plasmonic contribution for thin film silicon solar cells. Fig. 1 ) for each periodicity (P=500, 700, 1000 and 1500 nm) investigated. The optimized height of the Ag NPs was 120 nm, and the Ag was e-beam evaporated in all cells. Solar cells were fabricated on all plasmonic BR substrates in n-i-p configuration (deposition order: n-doped/intrinsic/p-doped) by plasma-enhanced chemical vapor deposition and in a shared process to ensure comparability (see supplementary material (SM) for experiment details). The large area patterning of the BR was achieved using NSL. This technique is very robust and it is known to yield structures with relative low defect densities in a large area. 20 The low level of defects in the organized structures had no significant consequences to the performance of the solar cells. Fig. 2a) for both periodicities. This color/wavelength dependence originates from both diffraction and SPR effects. 2 The Ag NPs modified BR is then expected to affect the overall solar cell performance. Fig. 2b presents a cross section SEM of an a-Si:H n-i-p solar cell fabricated on top of the plasmonic BR. In Fig. 2b , the Ag NPs are hexagonally packed inside an a-Si:H solar cell with 700 nm periodicity and D = 20 nm. Each layer (TCO and a-Si:H n-i-p) grew conformal around the Ag NPs, resulting in a well-organized, dome-shaped, surface. The individual layers are indicated in the inset of the SEM image in Fig. 2b , and the Ag NPs embedded in the BR are labeled in blue color.
The effects of the Ag NPs periodicity and D-values on the performance of the nanostructured solar cells are summarized in Fig. 3 . The graph shows the experimental a-Si:H solar cell parameters for D = 60, 40, 20 and 0 nm and for periodicities equal to 500, 700, 1000 and 1500 nm, respectively. All the cells were fabricated in the same batch, in order to minimize batch-to-batch variations. A total of 144 cells were fabricated and characterized, and each point in Fig. 3 is an average of 9 cells. One observes that both, the periodicity of the NPs as well as their position in the ZnO:Al BR have an influence on the solar cell performance. While the open circuit voltage (V OC ) varies only slightly around the value of 855 mV, FF increases towards smaller periodicities, from ∼55 % (periodicity = 1500 nm) to ∼65 % (periodicity = 500 nm). The average PCE of the nanostructured solar cells varied approximately between 5% and 6%, with a maximum PCE close to 6.5% (500 nm periodicity), compared to 4.5% for the flat reference (without Ag NPs). Note that the geometry of Ag NPs and dome-shaped surface for each different periodicity was slightly different, due to the different PS voids. However, the solar cell geometry does not change with varying D values when the periodicity is kept constant. It is important to point out that the relative low efficiency of our devices (∼6% in Figure 3 , compared to typical ∼12% for thin film a-Si:H) does not affect the reliability of the (Fig. 1 schematic) and periodicities (500, 700, 1000 and 1500 nm as indicated on the top). A total of 144 cells were measured, and each point is an average of 9 cells. The results for the flat reference (without NPs) cells are summarized on the right side. Note that the J SC for the flat reference scale is presented in a different scale.
comparison. The goal here was not to optimize the deposition receipt for maximum efficiency, but to investigate the effects of nanostructuring. In that sense, we required a stable efficiency baseline (control) and a good degree of reproducibility between devices. These were achieved by processing all cells in exactly the same batch. The level of variation (error bars) in Figure 3 (average of 9 cells for each data point) confirm that the observed changes between cell geometries (and the control) are statistically significant.
In a first approximation, the trapping efficiency can be directly correlated to the J SC value, assuming that J SC is directly proportional to the number of photons captured by the solar cell absorber layer. Fig. 3 indicates that the maximum J SC (11.4 ± 0.3 mA/cm 2 ) of all cells was obtained for the BR composed of the 700 nm periodicity Ag NP with D = 0 nm. The overall trend in Fig. 3 is an increase in J SC when D decreases from 60 nm to 0 nm for a given periodicity. The best nanostructured solar cell (700 nm periodicity with D = 0 nm) shows a significant average J SC improvement (∼3 mA/cm 2 ) compared to the (flat) reference cell without Ag NPs. The improvement of J SC in nanostructured solar cells compared to corresponding flat references has been well explored in the literature. 10, 14, 21 To further investigate the effect of the position of the NPs in the BR (variation of thickness D, see Figure 1 ) on the light trapping properties, EQEs were measured for all nanostructured a-Si:H solar cells as well as the flat reference. Fig. 4 shows typical EQE curves for different periodicities at D = 0 nm. The observed EQE curve from the flat reference presents typical interference fringes after 500 nm due to Fabry-Perot (FP) resonances. 22, 23 Compared to the flat reference sample, the a-Si:H solar cells modified with Ag NPs show a significant EQE increase in the 500 to 750 nm region. This enhancement in EQE is more significant for smaller periodicities (P=500, 700 and 1000 nm) than for P=1.5 µm. The EQE profile for P=1.5 µm seems to be a mixture of the curves obtained from solar cells with NPs and the flat reference. The differences in the EQE among the solar cells with different periodicities (P=500, 700 and 1000 nm) are comparably small. The FP fringes in Fig. 4 vanish (Flat > P=1.5 µm > P=1 µm) with decreasing periodicity. Typical EQE curves describing the effect of the position of Ag NPs (D = 60, 40, 20 and 0 nm) on the solar cell BR are presented in Fig. 4b for a fixed NP periodicity of 700 nm (highest improvements compared to the flat reference). As it can be also deduced from Fig. 3 , the current density is slightly higher for smaller values of D, where the NPs are furthest away from the silicon absorber.
These experimental observations may seem counterintuitive at a first glance, since the SPR electro-magnetic fields are highest at the Ag NPs surface from where they decay exponentially away from the metal. At D = 60 nm, the Ag NPs are closest to the solar cell absorber layer and would therefore contribute most to plasmonically induced current enhancements by field localization. In our experiments, the opposite trend was observed. Most improvements were found for the BR structure with the largest distance between absorber and NPs. From this result, one can deduce that near field enhancements might have only a minor influence on the solar cell performance for this configuration.
The J SC dependence on periodicity and nanostructure geometry has been studied by many research groups. 4, 22, 24 In order to understand the effect of the NP position in this type of nanostructured a-Si:H solar cells, FDTD simulations were performed for the best cells: P = 700 nm (see SM for the simulation details). This approach allows a visualization of the light distribution inside the solar cell absorber layer, providing an insight into the correlation between the light-NP interactions with the enhanced photon absorption. Fig. 5a-d (Fig. 5d) , the enhanced electric field is almost totally confined inside the ZnO:Al layer at the Ag NP surface. Note that this enhanced near field SPR intensity is highest at the Ag NPs surface and decays evanescently into the doped silicon n-layer. The results from Figure 5 suggest that the position of the well-organized nanostructures can be used to minimize absorption in the doped a-Si:H layers (n and p). These regions exhibit high material defect densities, meaning that photons absorbed in these layers do not contribute to the photocurrent. This is confirmed by the calculated absorption in the i-layer of a-Si:H solar cells presented in Figure 6a . Notice that the nanostructure scatters the light back to the n-i-p region. However, electron-hole pairs formed in the i-layer are the dominant contribution to the photo-current. Therefore, the best position for the nanostructure will maximize light scattering towards the i-layer. When the Ag NPs distance from the silver BR increases from D = 0 nm to D = 60 nm (Fig. 6a) , the absorption inside the a-Si:H absorber i-layer is significantly modified. As clearly seen in Fig. 5a-d , from the light distribution profile inside the a-Si:H solar cell, for D=0, the light is more confined inside the i-layer, where the built-in electric field leads to efficient separation of the photogenerated charge carriers. In addition, Fig. 6b quantitatively shows that for an increased distance D, an increased absorption by the Ag NPs is obtained for wavelengths between 550 nm to 750 nm due to SPR near field confinement. Fig. 6c also shows an increased absorption inside the ZnO:Al layer in the same spectral range with increasing distance D. As mentioned above, this implies that the SPR leads to an energy loss for the particular solar cell design presented here. We emphasize again that only electron-hole pairs generated inside the intrinsic a-Si:H layer are separated by the built-in electric field and contribute significantly to the current density. The light trapped (absorbed) elsewhere, quantified in Figure 6 (inside the doped layers (n and p layers), the ZnO:Al layer or the Ag NPs) leads to energy losses due to the recombination. Apart from the SPR effect, Fig. 5a-d show that the front dome-shaped nanostructure actually leads to an important focusing contribution. Figure 5a-d indicates that the electric field appears strongly confinement inside the absorber (a-Si:H) layer just below the front dome-shaped surface. As for the flat reference (Fig. 5e) , the FP interference fringes dominate the light distribution inside the absorber layer. The field distributions in Figure 5 point towards a significant role played by the top (dome shaped) texture in keeping the light confined in the absorber layer. From both Fig. 5 and Fig. 6 , it can be concluded that the best configuration is to place the Ag NPs at D = 0 nm. In this case, the combination of the back-scattering of the metal structure and the texturing on the top surface allows optimal light concentration in the i-layer of the absorber for these types of thin film solar cells. The computational result is in good agreement with the experimental J SC trend shown in Fig. 3 and the experimental EQE results shown in Fig. 4b .
In this paper, the performance of Ag NPs modified a-Si:H solar cells was systematically studied. Both, experimental results and FDTD simulations suggest that the geometry of the cell structure and the position of the nanoparticles in the back contact have a higher influence on the light trapping properties than SPR field localization. In our experiments, the a-Si:H solar cells modified with Ag NPs, which were placed at the largest distance away from the absorber showed the highest improvement in J SC , as this reduced the SPR-induced parasitic absorption both inside the TCO between the NPs and the Ag BR as well as inside the NP itself. FDTD simulations confirm that the front domeshaped nanostructure actually shows an important focusing effect, Ag NPs located directly at the BR (D = 0 nm) yield the best light distribution inside the solar cell absorber layer (i-layer).
See supplementary material for the experimental details on the fabrication of the nanoparticle modified substrate, fabrication of solar cell, characterization, and FDTD simulation.
